The motion of elongated air bubbles in a vertical pipe ®lled with water is studied quantitatively using video imaging of the¯ow and subsequent digital image processing of the recorded sequence of images. Experiments are carried out to determine the in¯uence of the separation distance between two consecutive bubbles (liquid slug length) upon the behavior of the trailing bubble in vertical slug¯ow. The details of the trailing bubble acceleration and merging process are observed and the instantaneous parameters of the trailing bubble, such as its shape, velocity, acceleration, etc., are measured as a function of the separation distance. The leading bubble is found to be unaected by the trailing elongated bubble. 7
Introduction
Slug¯ow is one of the basic gas±liquid¯ow patterns which takes place naturally inside pipes. It occurs over a wide range of¯ow parameters. The phenomenon of slug¯ow plays an important role in a variety of industrial applications.
Vertical slug¯ow is characterized by quasi-periodic alteration of large axisymmetric bulletshaped (Taylor) bubbles and regions of continuous liquid phase, denominated liquid slugs, which may contain small bubbles. In developed slug¯ow, the Taylor bubbles occupy most of
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0301-9322/00/$ -see front matter 7 2000 Elsevier Science Ltd. All rights reserved. PII: S 0 3 0 1 -9 3 2 2 ( 0 0 ) 0 0 0 0 4 -5 www.elsevier.com/locate/ijmulflow the pipe cross-section and move upward with a constant velocity. The liquid around the elongated bubbles moves downward as a thin falling ®lm. The liquid velocity in the ®lm is usually several times larger than the mean velocity of the liquid in the slug. Each slug sheds liquid in its back to the subsequent ®lm, which accelerates as it moves downward. Then it is injected into the next liquid slug as a circular wall jet, producing a mixing zone in the bubble wake. The mixing zone is generally believed to have a shape of a toroidal vortex. The¯ow gradually reestablishes in the body of the liquid slug behind the mixing zone.
The translational velocity of a Taylor bubble, U t , can be regarded as a superposition of its rise velocity in stagnant liquid U 0 and the contribution due to the mean liquid slug velocity U M :
The drift velocity U 0 is determined by the three-dimensional¯ow at the front of the bubble. For the case of inertial¯ow (where both interfacial and viscous eects are negligible), Dumitrescu (1943) and Davies and Taylor (1949) showed that the drift velocity of an elongated bubble rising in a vertical pipe is
where the value of the coecient k in Eq. (2) is about 0.35. The value of the factor C in Eq. (1) is generally assumed to depend on the velocity pro®le in the liquid ahead of the bubble, and can be seen as the ratio of the maximum to the mean velocity in the pro®le. Hence, for turbulent¯ows, C 1X2, while for laminar¯ow, C 2 (Nicklin et al., 1962; Collins et al., 1978; Grace and Clift, 1979; Bendiksen, 1985) .
Recently, Polonsky et al. (1999b) con®rmed this assumption by performing direct PIV measurements of the velocity pro®les ahead of the Taylor bubble, together with independent measurements of the bubble propagation velocity, in the entrance region of the pipe. The values of the coecient C varies from 1.1 to 2.0. These values are in a good agreement with the measured ratio of the maximum to the mean velocity in the pro®le ahead of the Taylor bubble. Shemer and Barnea (1987) performed a visualization of the velocity pro®les behind elongated bubbles and found that the tip of the trailing bubble in the wake of the leading one follows the location of the maximum instantaneous velocity in the wake.
For fully developed slug¯ow, the distance between any two consecutive bubbles is supposed to be large enough, so that the trailing bubble is unin¯uenced by the wake of the leading one. However, in the entrance region of the pipe, the distance between the bubbles is not suciently large. The bubbles here are in¯uenced by the¯ow in the wake of their predecessors, resulting in merging of bubbles and variation of the¯ow structure along the pipe (Moissis and Grith, 1962; Taitel and Barnea, 1990) . Similar eects are observed in two-phase¯ows in pipes laid over a hilly terrain (Zheng et al., 1994) . The shedding rate of the liquid in the rear of the liquid slug seems to be larger for shorter slugs. As a results, the elongated bubble behind a short slug moves faster and overtakes the bubble ahead of it (Moissis and Grith, 1962) . This process decreases the slug frequency. The merging process continues until the liquid slug is long enough, so that the velocity of the trailing Taylor bubble is unaected by the wake of the leading one. Moissis and Grith (1962) , Taitel et al. (1980) and Barnea and Brauner (1985) assumed that the minimum stable slug length corresponds to the distance at which the liquid ®lm is absorbed by the slug. They viewed this process as a wall jet entering a large reservoir. This approach provides an estimation of the average stable slug length, but tells nothing about the slug length distribution and the maximum possible slug length. As is well known, the slug lengths are widely dispersed around the average (FabreÂ and LineÂ , 1992; Van Hout et al., 1992) . Barnea and Taitel (1993) presented a model that is capable of calculating the slug length distribution in a pipe. This model requires as input the dependence of the bubble translational velocity on the slug length ahead of it. Hasanein et al. (1996) presented data on the rise velocity of the trailing Taylor bubble in air±kerosene slug¯ow as a function of the separation distance between the leading and the trailing bubbles. Pinto and Campos (1996) and Pinto et al. (1998) studied the coalescence of pairs of gas bubbles rising in vertical columns of liquids, covering a wide range of viscosities, by means of instantaneous pressure variation measurements at a number of locations along the pipe. Experimental results on the eect of the slug length on the velocity of the following bubble in a horizontal slug¯ow were reported by Netto et al. (1998) .
In the present study, controlled experiments on the interaction between two consecutive elongated bubbles moving in a pipe are performed. The measurements are based on digital image processing of a recorded sequence of video images of the¯ow ®eld. The application of this technique makes it possible to follow the instantaneous motion and the shape variation of the trailing elongated bubble as a result of the velocity ®eld induced by the moving leading bubble. These observations are performed for the whole range of liquid slug lengths, starting from bubbles at a large separation distance up to the bubbles coalescence.
Experimental facility and procedure
Experiments are performed in a 4 m long transparent Perspex pipe with an internal diameter of 2.5 cm, see Fig. 1 . A desired sequence of bubbles of prescribed lengths and intervals can be injected into the pipe that is ®lled with tap water. The pipe is equipped with three 1 m long rectangular transparent boxes ®lled with water in order to reduce image distortion. The¯ow ®eld is illuminated by a number of halogen lamps. A vertical shaft provides support for two black-and-white interlaced NTSC video cameras located about 1.5 m from the pipe. The ®eld of view of each camera is about 300 Â 225 mm 2 . The two ®elds of view overlap slightly. In order to obtain a better spatial resolution in the vertical direction, the cameras are rotated by 908, so that the bubbles in the images appear to move horizontally. The distance over which the bubbles are followed by the two cameras consecutively is thus relatively long (H600 mm). On both sides of the test section, 500 W halogen lamps are mounted on folding support frames at the opposite sides of the test section. Tap water runs through the transparent boxes, so that the boxes are also used to cool the test section against the heat generated by the lamps. Constant temperature is therefore maintained during the experiment. The air supply system consists of an inlet air chamber and electrically activated valves. Air is supplied from a central compressed air line, at a nominal pressure of 0.6 MPa. The air inlet chamber is attached to the lower part of the test pipe at an angle of 308. Individual bubbles are injected into the test pipe by means of a computer-controlled injection valve. The valve, the chamber and the test section have the same inner diameter, in order to provide smooth entrance of air bubbles. The pressure in the air chamber is accurately monitored. The lengths of the injected bubbles are determined by the duration of the valve opening, which is controlled by the computer, as well as by the air pressure in the chamber. Synchronization that is required between the bubble injection, cameras switching and recording process is achieved using the PC-generated signals.
In the present study, pairs of elongated bubbles with various lengths and initial spacing are injected into stagnant water. The process of propagation, approach and eventual coalescence of the two bubbles is recorded by the computer using an appropriate custom-written software. The images are digitized at the rate of 30 frames/s, stored directly in the RAM of a personal computer and then transferred to a hard disk for permanent storage. The images are recorded only during the passage of the bubbles through the ®eld of view of each camera. The portion of the image that contains the pipe with the bubbles is recorded in sequences of 100±150 frames for each series. The interlaced video images are then split into odd and even ®elds. The spacing between the lines is ®lled using linear interpolation between the gray levels in two adjacent lines. Hence, the eective rate of data acquisition is 60 images/s. More details about the experimental procedure and the data processing are given in Polonsky (1998) and Polonsky et al. (1999a) . An edge detection algorithm is then applied to detect the boundaries of the elongated bubbles present in each frame. An example of a resulting sequence of outlines of a bubble nose and bottom is presented in Fig. 2 . The sequences of positions of the nose and the bottom outlines for a given bubble in the pth line of the qth image are saved separately in two arrays: x N p, q for the bubble's nose and x B p, q for the bubble bottom, see Fig. 3 .
The local propagation velocity of the bubble interface (say, nose) at each radial location is calculated as the shift of the corresponding interface, divided by the time elapsed between the frames:
In the above equation, the velocities are not necessarily calculated by comparison of consecutive pro®les. Sometimes it is more convenient to consider the interface outlines for k > 1. This supplies a more robust averaged value of the interface velocity, especially when the shape of the outlines varies from frame to frame. The values obtained from Eq. (3) are ®rst averaged over all radial positions (i.e. 1 < p < N rows ) to obtain the instantaneous velocity averaged over the cross-section:
The results are then averaged again for all the couples of images considered in the sequence of M outlines, in order to obtain the short-time averaged interfacial velocity.
For relatively large spacing between the two consecutive bubbles (exceeding about 5 pipe diameters), Eq. (4) is used to determine the instantaneous trailing bubble nose velocity. However, as shown in sequel, the nose of the trailing bubble may become very distorted in the near wake region of the leading bubble and does not retain a constant round and symmetric shape. The trailing bubble's tip may become sharp-pointed and ceases to be necessarily located at the pipe axis. Moreover, as a result of the distortion of the trailing bubble, its crosssectional area may become strongly reduced. An alternative to (4) treatment should be thus applied to determine the instantaneous velocity of the trailing bubble nose. In the algorithm adopted here, the bubble tip coordinate p tip (q ) is ®rst determined for the qth nose outline. The bubble velocity at the instant t q is de®ned by averaging the axial shifts of the nose outlines at n lines adjacent p tip (q ) at both sides of the tip: 
Averaging of Eq. (5) over a desired number of the nose outlines can then be performed. The separation distance between the two bubbles is calculated as the dierence between the averaged instantaneous coordinate of the leading bubble bottom and the instantaneous trailing bubble tip location.
Results
In each experimental run, a couple of bubbles of a prescribed length and initial spacing between them is injected into the pipe. The experiments cover a wide range of distances between bubbles (from 60 pipe diameters, D, to coalescence). For the whole range of separation distances, Taylor bubbles of dierent lengths are tested: short (1±2D ), medium (6± 7D ) or long (11±12D ).
An example of a recorded series of two interacting bubbles, of about 6D long each, is given in Fig. 4 . The sequence of frames is obtained after separating of the odd and the even ®elds in the interlaced image, thus corresponding to a time interval of 1/60 s between the images. The motion and the shape of the trailing bubble are strongly aected by the wake of the leading one, eventually leading to the bubbles merging. The stage of full merging, where a single long bubble is eventually obtained, is not shown in Fig. 4 . Yet, the rise velocity of the leading bubble bottom in Fig. 4 appears to be completely undisturbed by the approaching trailing bubble, even when the coalescence is imminent. Consecutive outlines of the leading Taylor bubble nose, as well as the trailing bubble nose, are presented in Fig. 5 . This ®gure demonstrates that while the outlines of the leading rising Taylor bubble are equidistantly distributed and remain round shaped; the trailing bubble nose interfaces do not retain a constant shape due to the in¯uence of a leading bubble wake.
Leading bubble motion
The instantaneous velocities of the leading Taylor bubble nose for separation distances ranging from more than 6D up to coalescence are plotted in Fig. 6 . The rise velocity of the leading bubble in Fig. 6 apparently remains constant throughout the whole process of bubbles approach and coalescence.
A salient feature of a single Taylor bubble motion in a vertical pipe is the quasi-periodic oscillations of the bubble bottom. Polonsky et al. (1999a) reported that the frequency of the dominant mode of the interface oscillations obtained experimentally in the present facility is about 3±4 Hz. A simple theoretical model presented in their paper yields a similar value. The frequency of the dominant mode of the bottom oscillations of the leading bubble in the presence of the trailing one is examined here as well. The oscillations of the leading bubble bottom interface are analyzed in a sequence of frames where the trailing and the leading bubbles approach and eventually merge. A comparison of the spectrum of the leading bubble bottom oscillations with that of a single Taylor bubble is presented in Fig. 7 . The spectrum in both cases has a well-pronounced resonant character, with close values of the dominant frequency.
It can thus be concluded that in the sequence of two interacting bubbles in stagnant water, the trailing Taylor bubble does not aect the motion of the leading Taylor bubble. A uniform rising velocity of the leading bubble is therefore assumed in the course of the data processing in the present study. Moreover, since the eect of bubble expansion is relatively weak (Polonsky et al., 1999a) , it is assumed here that the nose and bottom of the leading bubble propagate with identical velocities.
Trailing bubble motion
The motion of the trailing bubble is strongly aected by the wake of the leading Taylor bubble. Figs. 4 and 5 clearly demonstrate that the trailing bubble's nose is deformed and its shape changes rapidly in the course of the bubble approach. An additional sequence of recorded images in Fig. 8 presents a relatively short trailing bubble in a frame of references moving with a constant velocity of the leading bubble. In this case, the trailing bubble's nose is strongly accelerated, while its tail moves with a nearly constant velocity. The bubble becomes substantially longer as it approaches the leading bubble, and the liquid ®lm around the bubble becomes quite thick. The radial location of the bubble tip varies notably from frame to frame. In the last frame of Fig. 8 , splitting of the bubble into two separate bubbles is clearly seen. Disintegration of the trailing bubble is also observed in Fig. 4 . Note that in Fig. 8 two small bubbles are seen in the wake of the trailing bubble. The distance between these two bubbles increases ®rst and then decreases. The distances between each one of the small bubbles and the elongated one also vary in a complicated fashion, thus providing a clear demonstration of the complexity of the velocity ®eld in the elongated bubble's wake. The complicated nature of the trailing bubble motion as recorded in Figs. 4 and 8 justi®es the dierent de®nition of the trailing bubble velocity in the previous section.
Sequences of the trailing bubble's nose outlines are presented in Fig. 9 for various instantaneous separation distances between the bubbles. As long as the length of the liquid slug ahead of the trailing bubble is relatively large (about 7D ), the consecutive bubble's nose shapes remain nearly symmetric and equidistant. When the liquid slug separating the bubbles becomes shorter, the bubble nose becomes strongly distorted due to the eects of the vortical¯ow ®eld in the leading bubble wake. The trailing bubble's tip starts``swinging'' from one side of the pipe to the other, and the distance between consecutive nose outlines becomes strongly dependent on the radial location. Fig. 9 demonstrates that the oscillations of the nose become stronger as the liquid slug becomes shorter. A notable increase in the trailing bubble velocity as it approaches the leading bubble can be seen in Fig. 9c .
The Taylor bubble propagation velocity in the wake of the leading one is determined by the local instantaneous velocity at the bubble tip (Polonsky et al., 1999b) . In an unsteady¯ow, the term CU M in Eq. (1) can thus be replaced by the instantaneous liquid velocity at the bubble tip. Shemer and Barnea (1987) and Polonsky et al. (1999b) suggested that trailing bubble tip follows the location of the maximum liquid velocity in the pro®le ahead of the bubble.
The temporal variation of the instantaneous radial position of the tip of the trailing bubble nose is plotted in Fig. 10 . The increase in the amplitude of the nose tip oscillations with decreasing distance between the bubbles is clearly demonstrated in this ®gure. It should also be noted here that the characteristic frequency of the quasi-periodic nose tip oscillations is close to the peak frequency in the leading bubble bottom oscillations in Fig. 7 . This suggests that the instantaneous rate of the trailing bubble propagation is controlled to a certain extent by the quasi-periodic oscillations of the bottom of the leading bubble and the velocity ®eld induced in the leading bubble wake by those oscillations.
Based on the known location of the bubble tip, the instantaneous trailing bubble approach, or relative, velocity (i.e. the dierence between the varying trailing bubble velocity and the constant leading bubble velocity) can be determined using Eq. (5) with n = 5 and k = 1. Thē uctuations of the liquid velocity ahead of the trailing bubble can either accelerate the bubble propagation or slow it down, depending on the instantaneous location of the bubble tip and the sign of the¯uctuation of the axial velocity. Since the intensity of these¯uctuations varies signi®cantly with the distance from the leading bubble bottom, the distance to the leading bubble apparently strongly aects the variations in the trailing bubble velocity. The oscillations of the trailing bubble velocity, therefore, become more violent as the trailing Taylor bubble approaches the leading one. Fig. 11 demonstrates the patterns of the relative velocity behavior as a function of the distance between the bubbles. Each frame in this ®gure represents a single realization. Even at a considerable separation distance (Fig. 11a) , notable oscillations of the instantaneous velocity are seen. The mean value for this realization is clearly positive, about 10 mm/s. As the spacing becomes shorter (Fig. 11b) , the velocity¯uctuations increase signi®cantly in amplitude. The mean velocity is clearly positive, but at some instants the approach velocity can become negative. This feature is even more pronounced in the near wake region (Fig. 11c  and d) .
The measured instantaneous approach velocity of the trailing bubble just prior to coalescence is presented in Fig. 12 . Again, as in Fig. 11 , the rate of approach may locally become negative, but on the average, the acceleration towards the leading bubble is extremely high: just before coalescence, the trailing bubble can attain velocities exceeding 1 m/s, more than seven times that of the leading bubble. Note that the images of Fig. 4 demonstrate that the interface between the elongated bubbles does not disappear immediately after the nose of the trailing bubble becomes attached to the bottom of the leading one, rather, a ®lm separating the bubbles remains clearly visible for a number of frames. The two bubbles thus propagate for some time with the velocity of the leading bubble, before fully merging.
In Fig. 13 , histograms representing the frequencies of appearance of the instantaneous approach velocities of bubbles of intermediate length (about 6D ) are given for three ranges of the bubble spacing. For each bubble spacing range, the ensemble size is about 1000. As the distance between the bubbles decreases, the distributions slide to the right, in the direction of higher trailing bubble propagating velocities, and the dispersion of the data becomes wider. Fig. 13 further supports the observation (Fig. 11 ) that interaction between bubbles apparently exists at distances exceeding what was previously considered to be``a stable liquid slug length''. In vertical slug¯ow, the stable liquid slug length is assumed to be around 16D (Moissis and Grith, 1962 ), yet, the experimental results in Fig. 13 indicate an average positive rate of approach for much larger spacings between bubbles. In other words, two Taylor bubbles in stagnant water that are separated initially by a liquid slug of length of about 60D, will end up colliding, provided the pipe is suciently long.
The eect of the bubble length on the interaction phenomenon is now studied. The results of Polonsky et al. (1999a) revealed an increase in the intensity of the bubble bottom oscillation with the increase in the bubble length. It is thus logical to assume that the intensity of the velocity¯uctuations in the wake of a Taylor bubble is higher for longer bubbles, with a corresponding eect on the motion of the trailing bubble.
The following lengths were chosen for the study of the interaction between couples of Taylor bubbles: (i) short Taylor bubbles (1±2D ), (ii) bubbles of an intermediate length, (6±7D ) and (iii) long bubbles (11±12D ). Above this length, the increase in the intensity of the bubble bottom oscillations is no longer signi®cant (Polonsky et al., 1999a) .
The histograms presented in Fig. 14 shows the frequency of appearance of dierent values of the relative velocity. The distributions are given for the three cases of bubble lengths (1D, 6D and 12D ). For each range of bubble lengths, the total ensemble of experimental data accumulated varies from 1000 to 2000 values. The frequency of the dierent values of the relative velocity is normalized by the total size of the corresponding ensemble to enable comparison. Fig. 14 reveals that at dierent stages of the pursuit, the dispersion in the data of the bubbles relative velocity is higher for longer bubbles. The histograms also tend to slide to the right for longer bubbles. These results indicate that for a given spacing between the bubbles, the acceleration of the trailing bubble is somewhat higher for longer bubbles. The considerable amount of data gathered in this study makes it possible to calculate the average trailing bubble propagation velocity for various bubble separations and various bubble lengths. Fig. 15 presents the variation of the averaged trailing bubble velocity with the separation distance for two dierent lengths of the bubbles in each couple. The trailing Taylor bubble velocity is normalized here by that of the leading one. Two dierent scales are applied for the larger and shorter separation distances. Notable acceleration of the trailing bubble is observed at distances shorter than about 3D (Fig. 15a) . As could be expected, this acceleration is more pronounced for the longer bubbles. Even at considerable separation distances, the average velocity of the trailing bubble remains somewhat higher than that of the leading bubble. This eect is stronger for longer Taylor bubbles (Fig. 15b) . Fig. 16 presents the normalized average propagation velocity of the trailing Taylor bubble, Fig. 15 . Ratio of the averaged trailing bubble velocity to that of the leading one: (a) small separation distances, (b) large separation distances.
for the intermediate bubble length (about 6D ), as a function of the separation distances between the bubbles. The relation by Moissis and Grith (1962) , as well as the correlation of the experimental data by Pinto and Campos (1996) are also shown in this ®gure. At a distance of few pipe diameters, a considerable acceleration of the trailing bubble is obtained. In this region, the present results are close to those obtained earlier. The current measurements, however, extend to substantially larger distances than those investigated before. It appears that interaction between the bubbles exists at distances exceeding the generally assumed stable liquid slug length (16D for a vertical¯ow). The present experimental results indicate an average rate of approach of H10 mm/s for distances between bubbles in the range of 60±30D.
Summary
Interaction between two consecutive Taylor bubbles rising in a stagnant liquid in a vertical pipe is studied quantitatively using the image processing technique. The applied technique allows one to follow closely and with high resolution the variation in space and time of various parameters of the bubble movement, such as the instantaneous shape of the interfaces, their locations and the propagation velocities. It thus became possible to extract not only the average¯ow parameters, but also the instantaneous values and their¯uctuations. Strong deformation and oscillations of the trailing bubble tip were observed. It was shown that those oscillations are related to the quasi-resonant oscillations of the leading bubble bottom.
The oscillations in the tip location are accompanied by the corresponding temporal variation in the bubble propagation velocity. Certain ambiguity exists in the de®nition of the instantaneous propagation velocity of the trailing bubble in the near wake region due to those eects. Considerable scatter in the experimental data in this region can be attributed in part to this ambiguity.
It was found here that the trailing bubble does not aect the motion of the leading one. The trailing bubble, on the other hand, is sensitive to the velocity distortion in the wake of the leading bubble. The trailing bubble acceleration is quite prominent in the near wake of the leading elongated bubble. In spite of this, instantaneous negative approach velocities are occasionally observed in this region. Even at distances exceeding 50 pipe diameters, the trailing bubble is aected by the vortical velocity ®eld in the wake of the leading bubble. These results are of particular importance for the estimation of the stable slug length and for modeling transient slug¯ow.
It is quite clear that considerable further work on interaction of two consecutive bubbles in a vertical tube is required. In order to understand the quite complicated motion of the trailing bubble in the wake of the leading one, detailed measurements of the¯ow velocity in the liquid slug are required simultaneously with the measurements of the trailing bubble movement. These results stimulate future work on this problem using the Particle Image Velocimetry. Additional experiments are planned on bubbles moving in a¯owing liquid, either upward or downward, as well as on elongated bubbles moving in more viscous liquids.
